In this work we used Allium ccpa root meristem cells in actively growing conditions and under treatment with the protein synthesis inhibitors cycloheximide (CHM) and puromycin. Morphological and quantitatiw d t s indicate that these drugs induce dramatic alterations in nucleolar structure reflected by a decrease of nucleolar size, much more evident under treatment with CHM, and by segregation of its main components. Quantitative analysis shows a decrease in NORsilver staining after treatment with CHM, whereas in cells treated with puromycin NOR-silver staining remains constant. Our results reveal a decrease in the AgNOR proteins under conditions of diminished cell activity, suggesting a $r e a relationship between the quantity of Ag-NOR protems and transcriptional activity. Using two-dimensional gel elec-
Introduction
The nucleolus is a site at which synthesis and processing of rRNA and its assembly with specific proteins occurs (Hernandez-Verdun, 1986; Risuefio and Medina, 1986; Goessens, 1984) . These maturation processes take place in specific subnucleolar compartments which, by use of conventional morphological and cytochemical electron microscopy techniques (Hernandez-Verdun, 1986; Risuefio and Medina, 1986; Goessens. 1984; Fakan and Puvion, 1980; Luck and Lafontaine, 1980; Fernindez-G6mez et al., 1972) , have been distinguished as fibrillar centers (FC), dense fibrillar component (DFC) surrounding the FCs, and the granular component (GC). However, in plant cells this nucleolar organization is at present a matter of debate (Moreno et al., 1989a.b; Motte et al., 1988) .
In attempts to correlate nucleolar function with the different nucleolar compartments, some immunocytochemical techniques have been applied in animal cells, suggesting that rDNA transcription occurs within the FC (Thiry, 1988b; Thiry et al., 1988; Reimer et al., 1987; Scheer and Raska, 1987) , whereas with autoradiographic studies it appears to occur in or at the border of the DFC (Deltour and Mosen, 1987; Fakan, 1986; Goessens, 1984; Fakan and Puvion, Supported in part by the DGICYT (project no. 666186) and the Junta de Andalucia, Consejeria de Educaci6n y Ciencia (project no. 5404187).
* To whom correspondence should be addressed. trophoresis and NOR-silver staining in gels, we have characterized some proteins corresponding to molecular weights of 28 and 31 KD and PI of approximately 5.2. After treatment with CHM, reactivity of these proteins against NOR-silver staining is diminished. By means of a morphological RNAse-gold labeling, we have tried an approach to the nucleolar organization in plant cells. Our results suggest that the fibrillar component shows a reticular distribution where fibrillv anters, as described in animal cells, are not &tin- 1980). On the basis of immunocytochemical, biochemical, and autoradiographic studies, the first steps of the rRNA processing have been assigned to the DFC, whereas its assembly with specific proteins to form pre-ribosomal particles occurs in the GC Fakan. 1986; Hernandez-Verdun, 1986; Goessens, 1984) .
In animal and plant cell interphase nuclei, NOR-silver staining contrasts the fibrillar component Moreno et al., 1985; Hernandez-Verdun et al., 1984; Ploton et al., 1982) ddferentiating, in the case of animal cells, the fibrillar centers from the dense fibrillar component according to their different reaction intensities. The affinity for NOR-silver staining is directly related to the transcriptional activity of the rRNA genes (Haafet al., 1988; Moreno et al., 1989b) .
One possible approach to the study of the functional organization of the nucleolus and the roles of the different nucleolar components in ribosome formation is the use of drugs known to interfere with certain steps of ribosome biogenesis or protein synthesis and to induce characteristic alterations in nucleolar architecture (Benavente et al., 1988; Sinchez-Pina et al., 1984; Scheer et al., 1984; Fakan, 1971 ). These inhibitors are not always specific for the ribosome pathway but may also interfere with other cellular metabolic pathways. Certain protein synthesis inhibitors might affect the rRNA metabolism by impairing the synthesis of DNA and/or of some proteins indispensable for this process (Noda, 1988; Fakan, 1971 ). However, the observation of changes in nucleolar structure in cells under various metabolic conditions, particularly inhibition of protein biosynthesis, should provide further information about the relationship between structural organization of the nucleolus and functional activity of the cell.
To better understand the possible functional role of AgNOR proteins a n d nucleolar organization in plant cells, we have investigated the nucleoli of Allium cepa root meristem cells under the influence of two known protein synthesis inhibitors, cycloheximide and puromycin, which act by different molecular mechanisms to produce dramatic alterations in nucleolar architecture.
Materials and Methods
The material used for this study was the root meristem of A I h m cepa L. Onion bulbs were grown under standard conditions at 25'C (Cortis et al., 1982) . Some of them were treated with 1 pglml cycloheximide (CHM) or 500 pglml puromycin during the last 6 hr before fixation (Medina et al., 1983; Garcia-Herdugo et al., 1974) . For the morphological study, roots were fixed in 4% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, for 3 hr at 4'C and were post-fixed in 1% os04 for 2 hr at 4". Samples were dehydrated in acetone at progressively higher Concentrations and embedded in resin following the method of Spurr (1969) .
For the cytochemical study, roots were fixed in 1.6% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3. for 10 min at room temperature, followed by post-fixation in Carnoy's solution [ 1:3 (vlv) acetic acid-ethanol] for 10 min at 4'C.
For electron microscopic immunolocalization. rwts were fixed in a mixture of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.3, for 60 min at 4'C.
After the electron microscopic fixations, samples were washed in 0.1 M cacodylate buffer, pH 7.3, and incubated in 0.5 M NH&I for 4 hr at room temperature to block free aldehyde groups. They were then washed again in the same buffer.
Lowicryl K4M-embedded Sections. Low-temperature embedding with the hydrophilic resin Lowicryl K4M (Chemische Werke Lowi; Waldkraiburg, FRG) was performed. with slight modifications, according to the method described by Roth (1983) . Samples were dehydrated in a series of graded methanols at progressively lower temperatures. During infiltration with Lowicryl K4M at -20'C, 90% methanol was used as the dehydration agent. Lowicryl was polymerized by indirect longwave (360 nm) uv irradiation from a 15-W Philips fluorescent lamp.
Ultra-thin sections were cut on a Reichert-Jung Ultracut E ultramicro-:ome, then mounted on 3OO-mesh nickel grids and photographed in a Philips 300 EM transmission electron microscope (Servicio de Microscopia Electrbnica, University of Seville).
One-step Silver Staining. This technique was applied, following Howell and Black (1980) and Ploton et al. (1982) , with the modifications of Morcno et al. (1985) . Grids were washed in distilled water for 5 min and treated for 5 min at room temperature with a mixture containing 1 volume of 2% gelatin in 1% formic acid and 2 volumes of 50% silver nitrate solution (Flultl, Buchs, Switzerland). They were rinsed in distilled water, floated in 5% thiosulfate solution for 10 min, and thoroughly rinsed in distilled water again. To demonstrate the specificity of the staining, sections were incubated for 60 min at 37-C in one of the following enzymatic solutions: 0.1% DNAse in PBS containing 1 mM MgC12. 0.1% RNAse in PBS, or 0.1% pronase in PBS.
Immunocytochemical Labeling. Grids were incubated by floating them. cell sections down, on a drop of 0.1 M PBS, pH 7.4, containing 2% gelatin and 0.1% BSA (PBG). The next step of the treatment was an incubation with anti-DNA (Boehringer; Mannheim. FRG) (15 pglml) in PBS for 2 hr at room temperature. After a rapid wash in PBG, the second incubation was performed with goat anti-mouse IgM coupled to 10-nm diameter colloidal gold Uansscn Life Sciences; Olen, Belgium) diluted 1:25 in PBG, for 60 min at room temperature. After washing with PBG and PBS, the sections were post-fixed in 2% glutaraldehyde in PBS. The grids were washed with distilled water and contrasted with 7.5% uranyl acetate in distilled water. To demonstrate the specificity of the labeling, the following controls were performed: (a) incubation with goat anti-mouse IgM-gold; and (b) digestion with 0.1% DNAse for 60 min at 37'C before the incubation with anti-DNA.
RNAse-Gold Complex. This was prepared and applied according to Bendayan (1981) . We obtained a gold particle size of 8 nm by following the method of Slot and Geuze (1985) . To assess the specificity of the labeling we performed three types of controls: (a) an enzyme-gold complex to which the corresponding Substrate was added at a concentration of 0.1% for 10 min before the incubation; (b) incubation with protein A-gold complex; and (c) removal of the substrate from the tissue after treatment with RNAse used at a concentration of 0.196, for 60 min at 37'C, before the incubation with the enzyme-gold complex.
Morphometric and Stereological Analysis. This study was carried out on 40 photographic plates per group of nucleoli chosen at random, taken from ultra-thin silver-stained sections at final magnifications of x 12,300. The absolute parameters measured from microscope sections were the nucleolar area and the nucleolar area contrasted with the NOR-silver staining. The relative parameters were measured by finding the relationship between clear areas and nucleolar area (Clear area Vv), and the silver-labeled area in relation to nucleolar area (Silver-stained Vv).
Measurements were made with the Automatic Image Analyzer IBAS I1 (Kontron, FRG) (Department of Cell Biology, Faculty of Sciences, University of Cordoba). Area analysis (Weibel, 1987) was used to evaluate the volume density of the silver precipitate in the nucleolus in relation to the nuclcolar volume (Silver-stained Vv).
Data were analyzed statistically using the following programs written for the IBAS or IBM computer consoles: nested analysis of variance, Student's t-test or, for non-homogeneous data, the Kolmogorov-Smirnov and the U-test. A statistical difference was considered when p<O.Ol.
Two-dimensional Gel Electrophoresis. Extraction of proteins of control and CHM-treated root meristems was performed according to Damerval et al. (1986) . We used the O'Farrcll lysis buffer (O'Farrell, 1975) as the isoclectric focusing (IEF) sample buffer. The concentrations of proteins in the IEF sample buffcr were determined with a modified Bradford assay, which allows quantitation of proteins in the presence of urea, carrier ampholytes, non-ionic detergents, and thiol compounds (Ramagli and Rodriguez, 1985) . The volume of sample loaded per capillary gel tube contained a concentration of 30 pg total proteins. Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) was performed according to O'Farrell (1975) using the Mini-PROTEAN 2-D electrophoresis cell (Bio-Rad; Richmond, CA). The first-dimensional IEF gels contained 2.5% pH 5-7 and 2.5% pH 3-10 carrier ampholytcs (Bio-Rad). To determine the pH gradient of the IEF gels, parallel gels were cut into pieces 0.5 cm long and incubated for 2 hr in 0.25 ml distilled water. The pH was measured electrometrically. The second-dimensional gel electrophoresis in the presence of sodium dodecylsulfate (SDS) was performed at a 12% acrylamide concentration using the conditions of Lacmmli (1970) . A set of proteins (Bio-Rad) were used as molecular weight standards: myosin (200 KD), P-galactosidase (116.25 KD), phosphorylase B (97.4 KD), bovine serum albumin (66.2 KD), ovalbumin (42.69 KD), carbonic anhydrase (31 KD). soybean trypsin inhibitor (21.5 KD). and lysozyme (14.4 KD). After electrophoresis in the second dimension, gels 1 mm thick were fixed in 40% methanol, 10% acetic acid, and stained using the Bio-Rad Silver Stain Kit. NOR-Silver Staining in Gels. Slab gels 0.75 mm thick were fixed in 50% methanol, 12% acetic acid overnight, washed in distilled water for 5 min. and treated with a mixture containing 1 volume of 2% gelatin in 1% formic acid and 2 volumes of 50% silver nitrate solution (Fluka) at room temperature for 10 min. They were thoroughly rinsed in distilled water and treated for 10 min with a solution consisting of 50% methanol and 12% acetic acid. To remove acetic acid, gels were then washed in 50% methanol before storage at 4'C.
Results
At the ultrastructural level, nucleoli of Allium cepu under actively growing conditions are formed of a thread-like organized fibrillar component immersed in the granular component. Some clear areas were observed inside the fibrillar component, constituted of a homogeneous material and/or dense inclusions. Some interstices corresponding to the nucleolar vacuoles could be detected in the granular component (Figure la) .
After NOR-silver staining, the silver precipitate was localized over the fibrillar component threads, whereas the clear areas immersed in it, the granular component, and nucleolar vacuoles did not show silver staining (Figure 1b ).
Nucleoli of cells treated with the protein synthesis inhibitors CHM and puromycin for 6 hr exhibited a compact type of morphology, with the two main components in a segregated disposition. As we have already described in control cells, clear areas were localized immersed in the fibrillar component. The granular component was distributed around the fibrillar component, forming a ring with an irregular outside border constituted of small aggregates (Figures 2a and 3a) .
Using the AgNOR technique, silver staining was mainly localized over the central fibrillar nucleolar area. Clear areas were devoid of specific silver precipitate (Figures 2b and 3b) .
Quantitative analysis revealed that the nucleolar area of cells under treatment with protein synthesis inhibitors statistically decreased when compared with that of the control. The decrease in size was more pronounced in the case of CHM (Table 1) .
Quantification of the AgNOR technique demonstrated that both the silver-stained Vv and the silver-stained area of cells treated with CHM were statistically diminished in relation to those found in control cells. In the case of puromycin, we found a significant increase in silver-stained Vv, whereas the nucleolar silver-stained area showed no differences when compared with control cells. The percentage of nucleolar area occupied by the clear areas was not modified after treatment with either drug (Table 1) .
In control cells, after post-embedding immunogold labeling with the monoclonal anti-DNA, both the fibrillar and granular components were devoid of gold markers. However, gold particles were found over the condensed chromatin and over the nucleolusassociated chromatin (Figure 4) . After incubation with the RNAse-gold complex, label was homogeneously distributed throughout the fibrillar and granular components of the nucleolus. We did not observe gold particles inside the clear homogeneous areas, although a fcw particles were found inside the clear areas with inclusions. Ovcr the nucleus, labeling was localized at the heterochromatin periphery, whereas it was scarce over the intranucleolar chromatin ( Figure 5 ).
After treatment with CHM and puromycin, labeling with anti-DNA was similar to that obtained in control cells (Figures 6 and  7) . Labeling with the RNAse-gold complex was mainly localized throughout the nucleolar structure and over the heterochromatin periphery.
Cytochemical and immunocytochemical controls did not show a specific staining or labeling over the different nucleolar components. A slight background was obtained after performing the control for the specificity of RNAse-gold labeling, consisting of an incubation with protein A-gold.
In the first stage of our biochemical study we found that the concentration of total protein in the IEF sample buffer of CHMtreated samples was smaller than in control (0.78 pg/pl and 1.24 uglk1, respectively). After two-dimensional gel electrophoresis, we obtained the pattern of total proteins in control and CHM-treated samples shown in Figures 8a and 9a . After the NOR-silver staining in gels some Ag-NOR proteins were characterized, corresponding to molecular weights of 28 and 31 KD and PI of approximately 5.2 (Figure 8b ). After treatment with CHM the same Ag-NOR proteins were obtained ( Figure 9b ). We observed that after treatment with CHM, Ag-NOR proteins showed a decreased reactivity with NOR-silver staining in gels, although the decrease was not quantified.
Discussion
In our study we have used two protein synthesis inhibitors, CHM and puromycin, which induce dramatic changes in nucleolar architecture. The first one, cycloheximide, is a protein synthesis inhibitor known to block the peptidyl-transferase activity of the large ribosomal subunit, preventing the elongation of the nascent peptide chain (Traub, 1969) . By use of autoradiographic techniques, it has been demonstrated that concentrations of 1 pg/ml CHM result in an almost complete inhibition of protein synthesis (Medina et al., 1983; Garcia-Herdugo et al., 1974; Fernindez-Gmez et al., 1972) and in marked decreases of DNA synthesis (Noda, 1988) and nucleolar DNA transcription (Fakan, 1971) . The second drug, puromycin, an analogue of phenylalanyl tRNA, is incorporated into the ribosome by the formation of a peptide bond at the carboxyl terminal end of the growing peptide chain, leading to premature release of the peptidyl-puromycin (Vazquez et al., 1969) . After applying autoradiographic techniques it has been demonstrated that protein synthesis is almost totally impaired, whereas RNA continues to be synthesized after treatment with 100 pg/ml puromycin in animal cells (Wachtler et al., 1987) and with 500 pg/ml in plant cells (Garcia-Herdugo et al., 1974) .
Nucleoli of cells treated with both drugs show a decreased size and a compact morphology, with segregation of the main components. Our results are in agreement with those obtained by Wachtler et al. (1987) and Medina et al. (1983) . and corroborate the inverse relationship between nucleolar size and cell activity (Moreno et al., 1989b; Hernandez-Verdun, 1986; Risueflo and Medina, 1986; Deltour, 1985; Deltour and De Barsy, 1985; Goessens, 1984; Mirre and Knibiehler, 1984; De la Torrc and Gimhcz-Martin, 1982) .
The nucleolar organizer regions (NORs) are the sites at which ribosomal RNA genes are localized and are associated with a series of specific acidic proteins, responsible for the NOR-silver staining, known as Ag-NOR proteins (Hernandez-Verdun, 1986) . By use of the NOR-silver staining our results show a specific silver precipitate over the fibrillar component. Because these proteins are localized over the rDNA and RNA chains in transcription (Hernandez-Verdun, 1986; Medina et al., 1986; Risuefio and Medina, 1986) , this reticular distribution could correspond to a section of the arborescent nucleolonema described by Deltour and Mosen (1987) , consisting of a central axis formed by fibrillar centers, which morphologically correspond to the clear areas described in our study, surrounded by dense fibrillar component. The absence of NOR-silver staining and of gold labeling after the incubation with anti-DNA over the clear areas supports the hypothesis of Motte et al. (1988) concerning the differences between the animal and plant cell molecular compositions of these structures. By use of monoclonal antibodies, both the RNA polymerase I and DNA have been localized inside the fibrillar centers in animal cells (Thiry, 1988b; Thiry et al., 1988; Reimer et al., 1987) , whereas after incubation with enzyme-gold complexes RNA has been found concentrated over the granular component, and to a lesser extent in the dense fibrillar component (Thiry, 1988a) . A few gold particles have also been detected in the fibrillar centers which, according to Thiry (1988a) , do not correspond to pre-rRNA. These data suggest that rDNA transcription takes place in the fibrillar centers, predominantly in their periphery close to the region of the surrounding dense fibrillar component. Labeling over the heterochromatin clumps after incubation with anti-DNA suggests that this monoclonal antibody is preferentially bound to zones of the chromatin with a certain degree of condensation being, therefore, nucleolar chromatin without labeling as it is kept in a de-condensed state to allow the transcriptional processes to occur (Medina, 1988; Fakan. 1986; Hernandez-Verdun, 1986) .
Several studies have tried to correlate the specific NOR-silver staining with transcriptional activity (Moreno et al., 1989a,b; Hernandez-Verdun, 1986; Medina et al., 1986; Sanchez-Pina et al., 1984) . Our quantitative study reveals that under treatment with CHM the nucleolar silver-stained Vv and silver-stained area are decreased. These data may be the consequence of a decrease in the fibrillar component. Taking into account the effects of CHM on protein synthesis and DNA transcription, our results suggest a direct relationship between NOR-silver staining and nucleolar functional activity.
As we have previously described, puromycin inhibits protein synthesis but allows RNA synthesis to continue, effects that are reflected by the unmodified silver-stained area in relation to control cells, and by the increased volume density of the NOR-silver staining. These latter data can be explained after the observation of a diminished nucleolar size following treatment with this drug.
The silver-stained area values allow us to explain the differences existing between the nucleolar size of cells treated with both drugs. In the case of puromycin, the fibrillar component is maintained constant. Hence, the decrease in nucleolar size should be the result of a reduction in the size of the granular component. Under treatment with CHM, however, there is an obvious decrease in both the fibrillar and granular components.
On the other hand, Medina et al. (1983) state that the pattern of silver grains in nucleoli of CHM-treated root meristem cells is exactly the same as in control cells. However, the results obtained by these authors are qualitative, and we believe that the two-step Figures 6-7 . Nucleoli treated with CHM ( Figure 6 ) and Puromycin (Figure 7) . Anti 
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NOR-silver staining applied e n bloc before the embedding process does not result in a homogeneous impregnation throughout the root.
Our results after applying the NOR-silver staining in puromycintreated cells corroborate the observations of Hubbell et al. (1980) , who have also indicated that this drug does not reduce the silver staining in HeLa cells.
The A g N O R proteins determined after two-dimensional electrophoresis correspond to a molecular weight of 28 and 31 KD and pl of approximately 5.2. These characteristics lead us to believe that they may correspond to or be related to the protein B23, described by several authors as having a molecular weight of 37 KD and PI of 5.1 (Chang and Olson, 1989; Schmidt-Zachmann and Franke, 1988; Busch et al., 1987) . The diminished reactivity of these proteins observed after treatment with CHM, when the NOR-silver staining is applied in gels, corroborates our quantitative results obtained at the cytochemical level.
In animal cells, Wachtler et al. (1987) have observed that treatment with puromycin results in a decrease in the size and number of fibrillar centers, and these authors suggest that proteins localized in fibrillar centers play a role in rDNA transcription andlor in ribosome biogenesis. In nucleoli of plant cells under treatment with CHM, Medina et al. (1983) have not observed alterations in certain structures that they consider as fibrillar centers. After applying the same experimental conditions as the latter authors, and also after treatment with puromycin, we have not found alterations in the structures that we have designated as clear areas. O u r results lead us to believe that clear areas d o not correspond to the fibrillar centers of animal cells because we have not found NOR-silver staining in their interior nor have we observed labeling with anti-DNA or nuclease-gold complexes. These facts suggest a nucleolar organization in which the fibrillar component shows a thread-like structure where fibrillar centers consisting of rDNA, pre-rRNA, and A g N O R proteins are not distinguished (Moreno et al., 1989a) .
In conclusion, our results suggest that NOR-silver staining can represent a specific technique for determination and quantification of the transcriptional activity of the rRNA genes. This is therefore an important step in our attempt to learn more about the nucleolar activity of cells under physiological and experimental conditions. Moreover, our biochemical results open a new door for both immunological characterization of Ag-NOR proteins and study of the possible functiond role of these proteins in plant cells.
